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Foreword 


Th's  pap«r  vas  prepared  for  the  Aaerican  Concrete  Institute  (ACI) 
Seainar  on  Concrete  for  Nuclear  Seertors,  held  at  Berlin,  Germany,  on 
U-11  October  1970.  The  manuscript  was  reviewed  and  cleared  for  publica- 
tion by  the  Oak  Ridge  National  Laboratory  and  the  Office,  Chief  of  Engi- 
neers, U.  S.  Army. 

The  study  which  provided  the  ixiformation  and  data  discussed  herein 
is  being  conducted  by  the  U.  S.  Army  Engineer  Waterways  Experiment  Station 
(WES),  Vicksburg,  Miss.,  under  the  sponsorship  of  the  U.  S.  Atomic  Energy 
CoDnission.  This  continuing  investigation  was  initiated  in  I9C'6.  Staff 
members  actively  involved  in  the  investigation  include  Mr.  Bryant  Mather, 
Chief  of  the  WES  Concrete  Division,  ?ir.  J.  M.  Polatty,  Chief  of  the  Eijgi- 
neering  Mechanics  Branch,  Dr.  H.  G.  Geymayer,  former  Chief  of  the  Struc- 
tures Section,  and  Dr.  J.  C.  Chakrabarti.  Mr.  lames  E.  McDonald,  current 
pro^iect  engineer  for  this  Investlgaticn,  prepare-*  +Jiis  paper. 

Directors  of  the  WES  during'  the  conduct  of  this  investigation  and 
preparation  of  this  paper  were  CCL  John  R.  Oswalt,  Jr.,  CE;  COL  Levi  A. 
Brown,  CE;  and  COL  Ernest  D.  Pciiotto,  CS.  Technical  Directors  were 
Mr.  J.  B.  Tiffany  and  Mr.  P.  R.  Brown. 
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Oo-q-g  On  Own  ■C' 


In  an  effort  to  obtain  information  regarding  the  nature  of  moisture 
movement  and  rate  of  rjoisture  loss  in  a prestressed  concrete  reactor  vessel 
(PCRV),  an  experimental  study  of  moisture  migration  in  a pie-shaped  speci- 
men representing  the  flow  path  through  a cylindrical  uall  of  a FCRV  was 
initiated.  After  easting  of  the  test  specimen,  tesperature  distribution, 
shrinkage,  and  moisture  distribution  were  monitored  for  approximately 
17  months.  After  this  initial  testing,  a temperature  gradient  of  80  F 
(UU  C;  was  applied  to  the  specimen,  axid  the  above-mentioned  measurements 
are  being  continued  for  an  additional  test  period  cf  one  year.  Based  on 
the  results  obtained  to  date , it  appears  that  the: . ; have  been  no  signifi- 
cant changes  in  the  specimen's  moisture  content. 
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AN  EXPERIMENTAL  STODY  OF  MOISTURE  MIGRATION  IN  CONCRETE 


Background 

1.  The  use  or  prestrsssed  concrete  in  construction  cf  nuclear  reac- 
tor pressure  vessels  is  a departure  from  usual  civil  engineering  prewitlce, 
and,  as  %K>uld  be  expected,  many  unusual  problems  arise  in  the  design  and 
construction  of  such  a vessel.  In  spite  of  the  tremendcus  amount  of  re- 
search on  the  properties  of  concrete,  information  regarding  certain  prop- 
erties of  concrete  under  particiunr  conditions  is  often  insufficient.  This 
appears  to  be  especially  true  in  “-he  case  of  the  use  of  prestressed  con- 
crete for  reactor  pressure  vessels  One  of  the  most  isnxjrtant  suspects  in 
the  design  and  safety  evaluation  of  a prestressed  concrete  reactor  vessel 
(?CRV)  is  the  time-dependent  deformation  behavior  of  concrete  in  the  pres- 
ence of  varying  temperatiure,  moisture,  and  loading  conditions.  Conse- 
quently, a basic  research  program  formulated  and  directed  by  the  Oak  Ridge 
National  Laboratory  for  the  purpose  of  developing  and  irroroving  the  tech- 
nology of  PCRV's  in  the  United  States  included  a sizable  effort  directed 
tovard  investigating  the  time-dependent  deformation  behavior  of  concrete 
under  conditions  existing  in  a PCRV.  One  of  the  projects  included  in  this 
effort  was  a test  of  the  moisture  distribution  in  a PCHV  wall  performed  at 
the  U.  S.  Army  Engineer  Waterways  Experiment  Station  and  reported  herein. 

Purrx)be  and  Scope  of  Study 

2.  Information  regarding  the  nature  of  moisture  roovs5ent  and  rate 
of  >‘)isturt  loss  in  a concrete  precr'v.re  vessel  wall  subjected  to  a tempera- 
tiure  gradient  is  of  interest  in  view  of  the  influence  of  these  parameters 
on  the  properties  of  concrete.  In  an  effort  to  evaluate  these  effects,  an 
experimental  study  of  mcisture  migration  in  a pie-shaped  concrete  specisuni 
(fig.  1)  representing  the  flow  path  or  channel  throu^i  a cylindrical  wall 
of  a PCPV  was  ixiitlated. 

3.  The  test  specimen  selected  was  9 ft  (2.7U  m)  in  length  with 


cross-sectional  dimensions  of  2 ty  2 ft  (0.6l  by  0.6l  m)  on  one  end  and 
2 ft  by  2 ft  8 in.  (0.6l  by  0.8l  m)  on  the  other  end.  The  specimen  was 
sealed  against  moisture  loss  on  the  small  end  (interior)  and  along  the 
lateral  surfaces,  and  exposed  to  the  atmosphere  on  the  other  end  (exterior). 
In  addition,  the  lateral  surfaces  were  heated  and  insulated  to  simulate 
conditions  in  a FCRV  where  uniaxial  moisture  and  heat  flow  premil. 

U.  After  casting  of  the  test  specimen,  the  temperature  distribution, 
shrinkage,  and  moisture  distribution  were  monitored  for  approximately 
17  months.  After  this  initial  testing,  a temperature  gradient  of  80  F 
(UU  c)  was  applied  to  the  specimen  and  the  above-mentioned  measurements  are 
being  continued  for  an  additiorrd  test  period  of  one  year. 

Instrumentation 


5.  Carlson  strain  meters  were  embedded  as  shown  in  fig.  2 to  deter- 
nine  the  variation  in  concrete  strain  and  temperature  along  the  center  line 
of  the  specimen.  Iron-constantan  theraocoiQ>les  were  embedded  at  five  dif- 
ferent depths  at  each  of  three  different  sections  as  shown  in  fig.  3 
terraine  temperature  profiles  at  sections  near  each  end  and  the  center  of 
the  specimen.  Removable  plugs  in  the  casting  form  and  insulation  along  the 
top  surface  of  the  specimen  (fig.  i*)  allowed  the  use  of  a surface  back- 
scatter  nuclear  gt>ge  to  determine  moisture  content  of  the  concrete  at  var- 
ious stations  along  the  specimen.  Open-wire-line  (Okl)  probes  were  em- 
bedded along  a lateral  surface  of  the  specimen,  as  shown  in  fig.  5»  to 
measure  relative  dielectric  constants  which  «®pear  to  be  sensitive  meas\ire- 
ment  parameters  for  moisture  content.  Wells  for  Monfore  probes  were  pro- 
\dded  along  the  same  surface  (fig.  6)  for  relative  humidity  measurements. 

6.  In  an  effort  to  approach  the  adiabatic  boundary  conditions  essen- 
tial to  studi'  the  effect  of  hydration  heat  dissipation  and  to  ensure  uni- 
axial heat  and  moisture  flow,  lateral  surfaces  of  the  specimen  were  heated 
and  insulated.  Heating  was  accomplished  with  eight  independent  resistance 
wire  heating  elements  wrapped  around  the  specimen.  These  elements  were 
actuated  cy  a series  of  thermistors  embedded  at  the  center  and  boundary 
region  at  e^h  cross  section  indicating  teaperature  differentials  between 


2 


the  core  and  the  boimdary  of  the  specimen.  When,  and  ia  vihatevcr  section, 
a teii5>erature  differential  of  1 P (0.6  C)  was  indicated,  a relay  automati- 
cally actuated  the  pertinent  heating  element  until  a uniform  temperatxire 
distribution  was  restored. 


Test  Specimen 


7.  The  casting  form  for  the  moisture  migration  specimen  with  in- 
strumentation, insulation,  and  moisture  barrier  in  place  is  shown  in  fig.  7 
immediately  prior  to  casting.  A concrete  mixture  proportioned  with 
3/U-in.  (l.9~cm)  maximum  size  crushed  limestone  aggregate  to  have  a siting 
of  2 + 1/2  in.  (5.1  + 1.3  cm)  and  a con^ressive  strength  of  60OO  psi 


0 

(U22  kg/cm  ) at  28  days  was  used  in  casting  the 

specimen. 

Mixture  pro- 

portions  were  as  follows: 

Solid  Volume 

Satiurated  Surface 
Dry  Batch  Weight 
Xb  (kg) 

Material 

ft3 

(mh 

•lype  II  cement 
Fine  aggregate 
Coarse  aggregate 
Wa«.er 

3.U73 

8.305 

10.569 

U.653 

(0.0963) 

(0.2352) 

(0.2993) 

(0.1318) 

681.5 

1381.5 
I78U.U 
289.86 

(309.1) 

(626.6) 

(809.4) 

(131.48) 

The  foregoing  quantities  are 

theoretical  proportions  for  1 yd^  (o.76**5  m^) 

of  concrete  having  no  ed.r  content  and  aggregate  without  absorption.  The 
aggregates  were  batched  dry  and  26.6  lb  (12.1  kg)  of  additional  water  was 
added  to  the  natch  to  satisfy  the  absorption  of  the  aggregates.  Thus,  a 
theoretical  cjbic  yard  of  concrete,  air  fi-ee,  included  3I6.U6  lb  (1U3.5U  kg) 
of  water  or  11.72  Ib/ft^  (I87.7  kg/m^).  The  air  content  of  the  concrete 
VBS  about  3 percent.  Therefore  a cubic  foot  of  actual  voltnae  of  freshly 
mixed  concrete  of  this  mixture  is  calculated  to  consist  of  the  following: 


Material 

Air 

Cement 

Water  (mixing) 


Volume 

ft3  (m3) 

0.030  (0.00065) 
0.125  (0.00351*) 
0.167  (0.001473) 

(Continued ) 


Weight 

~ M 

2U.46  (11.09) 
lO.UO  (I*  .72) 
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Water  (absorption)* 
Fine  aggregate* 
Coarse  aggregate* 


Voliaae 


ftJ 


0.015 

0.296 

0.380 


(O.OOOU2) 

(o.O(M) 

(0.01076) 


Weight 


lb 

0.96 

49.58 

64.03 


ISI 

Co.l>4) 

(22.49) 

(29.04) 


Total  1.000  (0.02832)  148.4?  (67.34) 


* Water  added  to  satisfy  aggregate  absorption  not  in- 
cluded in  total;  aggregate  voliaae  and  vei^^t  include 
absorbed  water. 

8.  Upon  completion  of  casting,  the  top  was  closed  and  noisture- 
sealed  to  the  remainder  of  ihe  form.  At  seven  days  age,  the  plywood  forms 
were  removed  from  the  ends  of  the  specimen,  exposing  the  open  end  to  the 
controlled  atmosphere  of  70  3 ? (21  * 1.7  C ) tenperature  and  50  * 4 per- 

cent relative  humidity. 


Effects  of  Concrete  Hydration 


Temperature 

9.  Temperature  in  the  ftreshly  placed  concrete  rose  at  a continuously 
increasing  rate  during  the  first  10  hours  after  casting  (fig.  8).  During 
the  next  15  hours,  the  toq>erature  rose,  but  at  a continuously  decelerating 
rate,  and  peaJced  at  all  stations  between  29  and  98  hours  after  placing  of 
the  concrete.  Inner  stations  recorded  higher  peak  temperatures  and  a 
longer  rise  than  the  stations  nearer  the  ends,  though  all  stations,  with 
the  exception  of  4 and  5 (Carlson  gages),  recorded  about  90  percent  of  idie 
respective  maximiar.  temperature  rise  within  about  30  hours  after  casting. 
This  behavior  indicates  that  after  a relatively  short  initial  period  (about 
30  -lours ) the  rate  of  heat  dissipation  (heat  flow  toward  the  two  cool  faces 
of  the  specimv.n)  was  nearly  the  serae  as  the  rate  of  heat  release  resulting 
from  cement  hydration.  Within  100  hours,  more  heat  was  being  dissi]^ted 
than  was  being  released  in  all  portions  of  the  specimen.  Due  to  the  rela- 
tively fast  'iiow  of  -.eat  toward  the  two  cool  end  faces  of  the  specimen, 
temperatures  in  the  concrete  never  approached  the  value  that  would  have 
been  expected  -onder  adiabatic  conditions. 


a 


10.  The  highest  ten5>erature  recorded,  near  the  midsection  of  the 
specimen,  was  168  F (?6  C),  a rise  of  93  F (52  C).  The  lowest  peak  re- 
corded was  127  F (53  C),  a rise  of  56  F (3I  c),  occurring  at  the  gage 
nearest  the  open  end.  After  reaching  the  peak  values,  tanperatures  started 
falling  at  a very  graduaJ.  rate  (fig.  9),  stabilizing  near  room  ten5»erature 
about  60  days  after  casting. 

11.  Iron-constantan  thermocouples  were  used  to  monitor  temperatures 
at  five  different  depths  in  each  of  three  sections,  two  at  the  two  ends  and 
one  at  the  center.  Temperatvires  monitored  by  thermocouples  1-10,  12,  and 
l4  were  recorded  on  a strip-chart  recorder;  thermocouples  11,  I3,  and  15 
were  read  manually.  Temperatures  were  fairly  constant  at  different  depths 
within  a section  (fig.  lO),  but  varied  between  sections,  the  highest  tem- 
perature being  at  the  midsection  and  the  lowest  near  the  open  end. 

Moisture 

12.  Moisture  in  the  concrete,  as  indicated  by  the  nuclear  surface 
moisture  gage,  was  fairly  constant  in  all  the  secti.ons  except  the  two  ends, 
particularly  the  open  end.  The  gage  indicated  a fairly  uniform  decrease  in 
water  content  of  the  concrete  at  station  10  (nearest  the  open  end)  during 
the  first  week  after  casting.  Apparent  decreases  of  approximately  1 Ib/ft'^ 
(16  kg/m^)  at  each  end  coincided  with  removal  of  the  plywood  forms  at  each 
end  seven  days  after  casting.  At  this  time,  the  water  content  in  each  end 
tended  to  level  out  between  11  and  12  Ib/ft^  (l?6  and  192  kg/m^).  Th-*  max- 
iraum  moisture  content  appeared  to  be  approximately  I3.5  Ib/ft^  (2l6  kg/m-^) 
at  the  interior  sections  (fig.  11 ). 

13.  The  maximum  indicated  water  content  of  I3.5  Ib/ft^  (2l6  kg/m^) 
is  somewhat  higher  than  the  theoretical  water  content  of  11. 36  ].b/ft^  (l82 

O 

kg/m^)  computed  previously  for  this  mixture.  It  is  possible  that  moisture 
collecting  on  top  of  the  specimen  imir.Gdiately  under  the  moisture  barrier  as 
a result  of  the  concrete  bleeding  would  cause  the  s\irface  backscatter  gage, 
which  penetrates  only  the  top  few  inches  and  reflects  the  moisture  content 
of  a parabolic  section  (the  greater  area  being  on  the  surface),  to  indicate 
moisture  content  higher  than  that  actually  present  near  the  center  of  the 
specimen.  In  addition,  the  tops  of  concrete  surfaces  normally  have  an  in- 
creased amount  of  mortar,  and  consequenuly  a higher  moisture  content. 
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14.  The  OWL  probes  indicated  vai'iations  in  relative  dielectric  con- 
stant with  time  in  each  of  the  sections.  Data  from  typical  probes  are 
shown  in  fig.  12.  It  was  apjiarent  that  the  null  frequencies  and,  conse- 
quently, the  relative  dielectric  constant  were  affected  not  only  by  the 
moisture  content  in  the  concrete  but  also  by  the  temperature  and  maturily 
of  the  concrete.  The  influences  of  these  two  parameters  are  presently 
being  evaluated  in  a separate  study. 

15.  These  probes  appeared  to  function  properly  for  approximately 
12  months  after  casting.  At  that  time,  readings  from  several  gages  became 
quite  erratic,  and  in  some  oases,  it  was  extremely  difficult  to  obtain  null 
frequencies  which  wovild  yield  realistic  moisture  contents.  Developers  of 
this  gage  indicate  that  the  gage  may  have  corroded  even  though  it  was 
silver-plated  prior  to  embedment. 

16.  The  Monfore  relative  humidity  probes  furnished  limited  useful 
information  about  the  moisture  content  in  the  concrete  during  this  phase 
because  the  temperatiare  of  the  concrete  during  hydration  exceeded  the  oper- 
ational range  of  this  probe.  As  the  temperature  dropped  to  within  the 
probe  limits,  all  wells  indicated  relative  humidities  close  to  100  percent, 
as  expected.  As  the  concrete  temperature  approached  room  temperatxire,  the 
^k3nfore  probes  stabilized  witliin  the  range  96+2  percent  relative  humidity. 
Strains 

17.  Variations  of  total  concrete  strain  with  time  are  indicated  in 
fig.  13.  The  maximum  value  of  indicated  strain  ’ as  about  500  microstrains 
at  an  inner  section,  while  the  minimum  peaks  recorded  were  about  300  micro- 
strains near  the  ends.  After  reaching  the  peak  values,  strains  at  each  sta- 
tion began  to  decrease  at  a gradual  rate  (fig.  1^),  stabilizing  at  values 
less  than  100  microstrains  expansion  about  60  days  after  casting.  In  an 
effort  to  determine  any  nonthermal  strains  present  in  the  specimen,  total 
strains  were  corrected  for  thermal  effects,  assuming  a linear  coefficient 

of  thermal  expansion  of  x lO”^  (2l2  x lO"^  |.  Results  for  typical  gages 

Oy  \0(,  j 

are  shown  in  fig.  I5. 

Effects  of  a Temperatui’e  Gradient 

18.  Strain,  temperature,  and  moisture  in  the  concrete  were  in 
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essentiaJJLy  steady  states  prior  to  application  of  the  temperature  gradient 
of  80  F (4U  C)  -G<3  the  specimen  approximately  17  months  after  casting.  ’ A 
seriejs  of  heat  lamps  (fig.  l6)  is  being  used  to  maintain  the  required  tem- 
perature on  the  simulated  interior  vessel  fane.  Since  application  of  the 
temperature  gradient,  data  regarding  changes  in  temperature,  moisture,  and 
strain  have  been  obtained  regvilarly  and  are  discussed  briefly  in  the  fol- 
lowing x<aragraphs. 

Temperature 

19.  The  variation  in  concrete  temperature  along  the  specimen's 

center  line  is  being  determined  by  mean.e  of  C.arlson  strain  meters  embedded 
as  previously  shown  (fig.  2).  As  a result  of  the  temperature  gradient, 
concrete  temperatures  '.-dthin  the  specimen  continue  to  increase  but  at  a de- 
creasing rate  as'  shovni  in  fig.  17-  /.s  expected,  tem.perature  increases  in 

the  early  stages  after  application  of  heat  were  confined  to  that  half  of 
nhe  specimen  nearer  the  heat.  After  approximately  one  week,  relatively 
vciifcrm  increases  in  temnerature  were  noted  throughout  the  snecimen.  Tem- 
nerature  variations  ■•.'ith  time  for  tynical  individual  gages  are  shown  in 
fig.  Ir . Latest  ter!peratu.’.'e  measurements  (127  days  after  heating'  are 
essenti'’lly  the  same  r.e  those  at  I3  days. 

20.  Temueraa'Lr  !:C  monitored  by  thermocouples  at  five  different  depths 
in  each  of  three  sections  vrere  fairly  constart  at  different  depths  within  a 
section  but  varied  hetweer.  sections,  the  ni.gx'.est  temperature  beirr;  near  the 
heated  end  and  the  Icvrest  near  the  open  end.  A temperature  profile  (fig. 
19)  of  the  section  nearcsx  the  heat  indic.a.tes  that  the  temcerature  differ- 
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21.  A rarface  bachscatter  r.ucleai'  aage  w'.as  used  to  determine  con- 

‘trio  cu.2rf*s.CG  o?  ‘tlio 

’'’'esenaasive  -slots  of  moisture  content  detv?rmined  in 
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r (•'it.  2C.‘  i:.-iicate  no  cirnificant  chai:ges  in  the  specimen’s 
onten'  ..irc'  arslication  of  tesrorature  rradient. 


22.  As  s revicuj:' , ■ noted.  t:;e  C'.-l  ' 'ob-;  is  infli'.enced  by  variations 
in  terTro‘::-rat'Ui'e ; there:'  . '-.foli'ctf'cr.  sf  the  temseratvre  groclic  nt  res'Ulted 
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in  apparent  Increases  in  the  relative  dielectric  constant  as  shoun  in 
fig.  21.  However,  as  the  tenperature  tended  to  stabilize,  output  from  the 
OV.L  probes  attained  an  essentially  steady  state,  indicating  no  change  in 
the  specimen's  moisture  content. 

23.  Prior  to  application  of  heat,  the  Monfore  relative  humidity 
probes  indicated  that  the  relative  humidities  in  each  well  were  in  an 
essentially  steady  state  at  approximately  96  percent.  Upon  applies tion  of 
heat,  the  indicated  relative  humidily  in  those  wells  nearest  the  heat  in- 
creased rapidly  to  100  percent,  and  within  21  days,  all  wells,  with  the  ex- 
ception of  the  three  nearest  the  open  end,  were  at  100  percent  relative 
humidity.  The  throe  wells  nearest  the  open  end  continue  to  indicate  rel- 
ative humidities  ranging  frea  90  to  97  percent. 

Strains 

2I.  Vetriations  in  concrete  strain  along  the  specimen’s  center  Uner 
as  a result  of  applying  a tenroeratxire  gradient  are  presented  in  fig,  22. 

The  highest  indicated  strain  is  about  3I0  micro strains  at  the  station 


nearest  the  heat.  From  this  maximum,  indicated  strains  decrease  in  a gen- 
erally linear  manner  to  less  than  25  microstrains  near  the  open  end. 


Strain  variations  with  time  at  typical  stations  are  shown  in  fig.  23.  As 
expected,  these  curves  are  of  the  same  general  shape  as  those  of  tempera- 
ture versus  time.  When  the  total  strains  are  corrected  for  thermal ^xran- 
sion  of  tne  specimen  (fig.  2^^),  it  is  obvious  that  the  specimen  remains  in 
an  essentially.'  steady.'- state  strain  condition  with  nc  sienif leant  changes  as 
a resiilt  of  apply/ing  the  tenroeratiure  gradient. 
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25.  The  fairly'  u:aiform  temperatures  at  different  depths  -within  a 
section  and  the  relatively  fast  flow  of  heat  toward  the  two  cool  fac 
the  specimen  durir.g  cement  hydration  indicate  that  the  bo’undary  conditions 
are  sufficient  to  simulate  the  flow  path  through  a cylindrical  w«ll  of  a 
PCI'V  where  urd.axial  mcisture  ar.d  heat  flow  prevail. 

26.  fince  application  of  the  temperature  gradient,  data  regsu:dir.r 
changes  in  temperat'orc , moisture,  and  strain  have  been  obtained  rerularly>' 
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for  approximately  one- third  the  anticipated  one-year  test  period.  Based  on 
the  results  obtained  to  date,  it  appears  that  there  have  been  no  signifi- 
cant changes  in  the  specimen's  moisttire  content  since  application  of  the 
temperature  gradient.  Consequently,  it  may  be  tentatively  assumed  that  the 
moisture  movement  and  rate  of  moisture  loss  in  a PCRV  wall  subjected  to  a 
teraperatiure  gradient  are  such  that  these  parameters  should  not  affect  the 
properties  of  the  concrete.  However,  it  is  emphasized  that  this  test  is 
incomplete  at  present,  and  the  nature  of  moisttire  movement  and  rate  of 
moisture  loss  could  change  drastically  sis  the  experiment  continues. 
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